ABSTRACT Reproductive characteristics of a northeastern Kansas population of the fritillary Speyeria idalia (Drury) were studied. Hemolymph juvenile hormone (JH) titers, ovarian development, and fat body utilization were monitored weekly in adult females over their entire 1997 ßight period, which extended from mid-June to early October. Dissections of female reproductive systems revealed that S. idalia females mate just once, soon after they emerge in mid-to late June. Gas chromatographic-mass spectrometric determinations of juvenile hormone suggested that they undergo a reproductive diapause through mid-August related to the absence of or very low titers of juvenile hormone. Oogenesis and fat body depletion do not commence until late August/early September, soon after which oviposition occurs. The onset of oogenesis coincides with a rapid rise in hemolymph titers of JH I, JH II, and JH III. The predominant juvenile hormone homolog was JH II, but both JH I and JH III exhibited smaller, concomitant peaks. Four fundamentally different lepidopteran reproductive strategies have been recognized based on various reproductive characteristics and the type of gonadotropic hormones used to stimulate oogenesis. Speyeria idalia exhibits a type of reproductive strategy that has not been documented in Lepidoptera, typiÞed by protandry, female monandry, long-lived (Ͼ8 wk) females that feed throughout their adult lives, greatly delayed oogenesis that occurs late in adult life, and apparent juvenile hormone control of gonadotropic processes. This reproductive strategy appears to be an adaptation to the phenology of larval host plants, namely coordinating the life cycle with that of the seasonally restricted violets on which larval survival of this monophagous species depends.
THE FRITILLARY Speyeria idalia (Drury) occurs in native grasslands and may be an indicator of prairie health and biodiversity (Hammond and McCorkle 1983) . A drastic decline in eastern North American populations of S. idalia has led to increased concern about the future of this butterßy. Discerning the reproductive strategy of S. idalia is an important step in understanding the butterßyÕs life history and ultimately may help direct management plans to protect it along with the remaining native tallgrass prairie ecosystem. We (B.J.K. and R.E.C.) have studied the reproductive behavior of this butterßy in the tallgrass prairie of northeastern Kansas. Speyeria idalia is protandrous; males emerge Þrst in early June, whereas females do not start to eclose until about 2 wk later (Scudder 1889 , Nagel et al. 1991 , Kopper 1997 . Mating occurs soon after female emergence (Mattoon et al. 1971) , and most males die about 2 wk after mating (Nagel et al. 1991 , Kopper 1997 . Further reproductive behavior is not exhibited by females until early September, at which time oviposition occurs (Scott 1986 , Royer 1988 , Kopper 1997 . Eggs are laid singly and haphazardly with respect to the host plant (Clark 1932 , Kopper 1997 , Wagner et al. 1997 , Kopper et al 2000 and larvae hatch in early autumn. First instars do not feed, but instead enter into a winter dormancy (Scudder 1889 , Mattoon et al. 1971 .
The extended interval between mating and oviposition in S. idalia has led to the surmise that females experience a postmating reproductive diapause (Scott 1986 , Royer 1988 . Postmating reproductive diapause is rare in other North American Lepidoptera. It occurs in the satyrine, Coenonympha tullia california Doubleday and Hewitson (Scott 1986) , and two other Speyeria species, S. coronis (Behr) and S. zerene (Boisduval) , both native to western U.S., that undergo a summer reproductive aestivation (Sims 1984) .
The purpose of our study was to determine whether S. idalia females actually experience a reproductive diapause after mating and the potential role of gonadotropic hormones in initiating oogenesis. Because juvenile hormone (JH) is a well-known regulator of ovarian development (Koeppe et al. 1985) , we examined juvenile hormone titers of feral females on a weekly basis throughout their ßight period. In addition, we show that S. idalia uses a reproductive strategy previously undescribed in LepidopteraÑ one ultimately linked to their seasonally restricted host plant.
Materials and Methods
In 1996 and 1997, observations were made to determine the timing of female emergence and oviposition behaviors in the Þeld. All females were observed in and collected from tallgrass prairie, either in western Pottawatomie County, KS, or in the vicinity of Manhattan, Riley County, KS. Regal fritillaries still rank among the most abundant large butterßies in mixed-and tallgrass prairies of Kansas. Nonetheless, at least eight different sites were used to avoid overcollecting from any single population.
Live females (n ϭ 73) were collected over 12 wk from late June through mid-September 1997. Hemolymph was collected for laboratory analysis as soon after capture as possible, and individuals were subsequently preserved in KahleÕs solution. Of the 73 individuals collected, 29 were selected for dissection according to a stratiÞed random design so that individuals were dissected from each sample week. The number of spermatophores present, extent of ovarian development, and relative size of the fat body were recorded for each female. If a spermatophore was present in the bursa copulatrix, we assumed that sperm was viable and fertilization had occurred. Oocyte development was considered complete if the chorion was visible.
Hemolymph was obtained from females weekly. Ideally, three samples, each of which contained 30 l of hemolymph (10 l from each of three different females made up one sample), were taken during each week; fewer samples were taken in some weeks because females were much harder to Þnd during the summer. Hemolymph was collected by decapitating adult females and placing them anterior end down in Eppendorf centrifuge tubes (1 ml), which were centrifuged at 1,200 ϫ g for 5 min at 22ЊC. The centrifuge setting was low enough to obtain 15Ð25 l hemolymph per individual without damaging the anterior end of the digestive system, which kept water and nectar contamination to a minimum.
Hemolymph was transferred to a glass vial, chilled, and mixed with 200 pg of the internal standard, JH III ethyl ester in 100 l acetonitrile and 100 l 2% NaCl aqueous solution. No juvenile hormone esterase or hydrolase inhibitors were used. Because all of the samples were handled in the same way we were not concerned about loss due to enzyme action. EDTA, PTU, or PMSF were not used because we were not concerned about coagulation, melanization, or trypsin activityÑnone of which affect juvenile hormone titers. Further, the addition of the internal standard accounts for any such losses. Vials were stored at Ϫ70ЊC until analysis. Samples were processed according to Bergot et al. (1981) , except that an open column chromatography (aluminum oxide) cleanup procedure was used . All samples were analyzed by coupled gas chromatography-mass spectrometry in selected ion mode (GC-MS-SIM) using the method of Shu et al. (1997) .
The presence of juvenile hormone in S. idalia samples was veriÞed by electron impact mass spectrometry using a HewlettÐPackard 5890 Series II gas chromatograph interfaced with a HewlettÐPackard 5971 mass-selective detector (GC-MS) (Avondale, PA). The GC was equipped with a 40 m by 0.25-mm Carbowax Econo-Cap column (Alltech, DeerÞeld, IL) with 0.25 m Þlm thickness. Helium was the carrier gas (33 cm/s linear ßow rate at 240ЊC). Oven temperature was programmed from 60ЊC (1-min hold) to 240ЊC (30-min hold) at 40ЊC/min.
After analyzing the hemolymph samples, we noted two additional peaks that correlated with egg development and appeared to be JH 0 (or its isomer) and an isomer of JH I. To determine if the peaks actually were these homologues, we separately analyzed three females that were collected on 16 September 1997 and stored in a Ϫ20ЊC freezer. Immediately after they were taken from the freezer, their wings were cut off, and their bodies were homogenized in cold acetonitrile. The homogenate was Þltered, the Þltrate was dried and eluted through an RP-18 column (open column chromatography) with 85% methanol in water as described by Trumbo et al. (1995) . The 85% methanol/water eluate was concentrated and extracted with hexane. Hexane extracts were processed in the same manner as the other hemolymph samples. Total ion mass spectra (m/z 50 Ð550) of the two unknowns were obtained under the same analytical conditions described for SIM analysis. The JH I isomer and JH 0 (or its isomer) were quantiÞed based on their respective peak areas using a JH I calibration equation.
Synthetic JH I, JH II, and JH III were purchased from Sigma (St. Louis, MO). Solvents were all obtained from Burdick and Jackson (Baxter, Stone Mountain, GA) and were used without further cleanup: hexane GC 2 , ethyl acetate GC 2 , acetone UV (for washing glassware), and ethyl ether without preservative (diethyl ether), d4-Methanol (99.5ϩ atom % D) and trißuoroacetic acid (99ϩ%) were purchased from Aldrich (Milwaukee, WI). Aluminum oxide (activated, neutral, Brockmann I) was also from Aldrich and treated with 6% water (wt:wt) for open column chromatography use. All glassware was washed with acetone, hexane, and baked (Ͼ200ЊC) overnight.
Results
Females started eclosing on 18 June 1996 and on 17 June 1997. Mating bouts were witnessed during the following week. After the mating period, females became less active and more reclusive. They were observed resting in the shade of vegetation and feeding on nectar throughout the remainder of the summer until early September. At this time, females continued to feed but also started their oviposition ßights, which lasted until the end of September. Dissections revealed that no oocyte development took place throughout most of the summer (Fig. lA) . Previtellogenic females possessed a large fat body, but once the oocytes began to develop in late August, the fat body rapidly declined in size. Oocyte growth proceeded rapidly until the beginning of September, at which time oocytes were fully mature, and females began to oviposit.
All dissected females (n ϭ 29) had a single spermatophore in the corpora bursae. A gelatinous mass, presumably supplied by males, also was present. This whitish mass, named Ôpearly bodyÕ by Omura (1938) , was spherical in shape and had a few scales (likely from the male) lodged in it. The bursa of S. idalia is shaped somewhat like a dumbbell whose ends are asymmetrical in size. The spherical mass was located in the smaller rounded terminal end of the corpus bursa, which was separated by a short constriction from a larger diameter bulb that contained the elongated solid white spermatophore. The bursa of S. idalia is similar in shape to that of other Speyeria (Arnold and Fischer 1977) . The spermatophore conformed to the shape of the corpus bursa and probably was molded by it, as it is in other Lepidoptera (Drummond 1984) . Based on counts of the spherical mass and spermatophore, we concluded that no female had mated more than once.
Titers of juvenile hormone were low for most of the summer (Fig. 1B) . A putative JH I peak observed early in the female ßight season (7/8 Ð7/18) appeared to be a contaminant, because a few samples showed a spurious peak that coeluted with JH I but had a slightly but consistently different retention time as well as poor peak shape. This peak appeared only in the Þrst few samples analyzed and, moreover, was not present at all of the earliest sampling dates. Starting in late August, a steady increase in juvenile hormone concentrations occurred that coincided with egg development. The juvenile hormone concentrations declined after the 9/10 Ð11 samples, which corresponded with the start of S. idalia oviposition. Juvenile hormone II was the predominant homolog associated with initiation of egg development but smaller, temporally coincident peaks of JH I and JH III also were present.
Two other peaks were observed that correlated with egg development. These appeared to be JH 0 (or its isomer) and an isomer of JH I. The presumed JH I isomer eluted (retention time 17.72 min) after JH II d,3-methoxyhydrin (17.02 min) and before JH I d,3-methoxyhydrin (18.07 min). In SIM mode, the unknown peak had two ions characteristic of JH I; speciÞcally, m/z 90 and m/z 239. In the scan mode, the MS spectrum was the same as the authentic JH I d,3-methoxyhydrin standard. Because the peak had a different retention time but the same MS spectrum as JH I d,3-methoxyhydrin, it was postulated to be an isomer of JH I. In addition, another peak with a retention time of 18.75 min eluted after JH I d,3-methoxyhydrin. In SIM mode, this peak had two ions of m/z 90 and m/z 253, and their relative intensities indicated that it was probably JH 0 or its isomer. In the scan mode, the peak had a similar MS spectrum to JH I d,3-methoxyhydrin, but had m/z 221 and m/z 253 instead of m/z 207 and m/z 239, although the ion pairs of the respective peaks had similar relative intensities. Therefore, the peak after JH I was postulated to be JH 0 or its isomer, but this could not be conÞrmed because we had no JH 0 standard available for veriÞcation.
Discussion
The extended interval between mating and oviposition in S. idalia, during which no oocyte maturation or fat body depletion occurred, conÞrms that this species undergoes a postmating reproductive diapause during the summer. This type of summer diapause, which conforms to the type Eb life cycle of Masaki (1980) , follows the reproductive phase, and eggs are laid in the fall. The cause of summer aestivation in butterßies is poorly studied (Scott 1986 ), but the proximal cues most often responsible for initiation are long days and, to a lesser extent, high temperatures of summer (Masaki 1980 , Tauber et al. 1986 ). Termination of summer diapause conversely coincides with short days and usually is mediated by juvenile hormone. Sims (1984) demonstrated that short days and JH III injections terminated female diapause in two other Speyeria, S. coronis and S. zerene. Juvenile hormone also is known to break ovarian diapause in other nymphalid butterßies, including Vanessa io (L.) and V. urticae (L.) (Benz 1972) , V. cardui L. (Herman and Dallman 1981) , Nymphalis antiopa L. (Herman and Bennett 1975) , and Danaus p. plexippus L. (Herman 1975 , Pan and Wyatt 1976 , Lessman and Herman 1983 . Ovarian development of S. idalia was not initiated until late August/early September, when juvenile hormone titers were on the rise. Given the con- 
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siderable evidence that has been amassed linking oocyte maturation to increases in juvenile hormone in many lepidopterans, including other nymphalids (Koeppe et al. 1985 , Nijhout 1994 , it is likely that S. idalia also depends on juvenile hormone for initiation of ovarian development. However, conÞrmation must await further studies that explicitly test the involvement or juvenile hormone or other endocrines and the role of photoperiod and host plant in this process. Such latter studies are especially needed because data in Fig. 1 suggest the likelihood that juvenile hormone may indeed have a role in choriogenesis or egg laying in this species. During summer aestivation and before egg development, S. idalia females possessed a large fat body that decreased in size once oocyte maturation began. This decrease in fat body when the ovaries become active has been noted for other Lepidoptera. For example, the Australian satyrine, Heteronympha merope merope (F.), exhibited a greatly reduced fat body once aestivation ended and oviposition began (Edwards 1973) . The fat body is a repository for chemicals that female S. idalia sequester throughout most of the summer. During egg development, the fat body provisions precursors used in the production of oocytes. Based on the high fecundity of S. idalia (on average, 1,330 eggs were laid by wild-collected females under laboratory conditions) (Wagner et al. 1997 ), a sizable fat body and, possibly, adult nutrient resources (Wagner et al. 1997) would be required for egg development.
All females dissected possessed only one spermatophore. Monogamy in this species is consistent with other members of Speyeria such as S. cybele F., which had an average spermatophore count of 1.05 (Burns 1968) , and S. callippe (Boisduval), which averaged 1.08 (Shields 1967) . Sims (1984) similarly found that S. coronis and most S. zerene (3 of 113 mated twice) mated only once, as did S. mormonia Edwards (two of 67 mated twice) (Boggs 1986 ). Males mate with females shortly after female emergence and disappear by mid-July (Kopper 1997) . Females then experience an aestival period lasting 6 Ð 8 wk without any males present. Long-lived female Lepidoptera are, as a rule, polyandrous ; thus, the monandrous nature of S. idalia and other Speyeria is somewhat unusual.
The origin of the juvenile hormone in S. idalia females, i.e., whether it is supplied endogenously, exogenously, or by both routes, is not known. Males might contribute juvenile hormone to the females from their mating secretions, but this strategy would require females to store it in their corpus bursa for as long as 2 mo before they need to use it. Other species of Lepidoptera such as Hyalophora cecropia (L.) (Shirk et al. 1980) and Heliothis virescens (F.) ) are known to transfer juvenile hormone to females during copulation. Alternatively, juvenile hormone may arise solely from the reactivated corpus allatum in response to external cues, such as appropriate daylengths, as occurs in many other lepidopterans.
Juvenile hormone II was the predominant homologue associated with egg development in S. idalia, followed by about fourfold smaller amounts of both JH I and JH III. These same three homologues have been detected in the hemolymph of several other adult female lepidopterans, although their relative titers vary according to species. For instance, hemolymph of virescens females contains mainly JH I and JH II , whereas JH III was the predominant homologue in Diatraea grandiosella Dyar . However, the predominant juvenile hormone homologue detected in the hemolymph is not necessarily the most effective at promoting ovarian growth (Nijhout and Riddiford 1974, Ramaswamy and Cohen 1991) , and the role each of the homologues plays in lepidopteran oocyte maturation is generally not well established. Ramaswamy et al. (1997) proposed that Lepidoptera exhibit four basic reproductive strategies based on the following: relative timing of male and female emergences, timing of egg development in relation to eclosion, type of hormone that controls oocyte maturation, number of times females mate, and whether adults feed. The reproductive system of S. idalia shares components with several of the four strategies but does not fall cleanly into any one of them. Therefore, we propose that it represents a Þfth system characterized by protandry, mating soon after emergence, female monandry, long-lived females that feed throughout their lives, and oocyte maturation that is greatly delayed until late in adult life and that appears to be under juvenile hormone control.
The following aspects of S. idaliaÕs life history together are characteristic of Speyeria only: females emerge with undeveloped eggs and generally mate just once, within several days after emergence. The long-lived females do not initiate oocyte maturation, until after the summer aestivation, long after the males have disappeared for the season. In contrast, other species of Lepidoptera that rely on juvenile hormone as the gonadotropic signal characteristically are polyandrous and are either protogynous or adult males and females emerge together . Conversely, protandry and monogamy typically are associated with Lepidoptera that initiate egg development during the larval or pupal stage and exhibit indirect or direct dependence on ecdysteroids for egg maturation ). Thus, the major factor that sets S. idalia apart from other lepidopterans with regard to the type of reproductive strategy used appears to be the prolonged reproductive diapause that intervenes between mating and oocyte maturation. Additional Lepidoptera that appear to Þt into the same group as S. idalia are Coenonympha (Satyrinae) and other Speyeria (Nymphalidae).
The reproductive strategy exempliÞed by S. idalia appears to be an adaptation to the phenology of the larval host plants; namely, coordinating the life cycle with that of the plants on which larval survival depends. Most S. idalia populations occur in regions that experience hot summers and often an extended summer drought. Speyeria idalia evidently is monopha-gous and feeds exclusively on a few Viola spp., as do other Speyeria. These small perennial forbs ßush out new foliage in spring, but in Kansas and most other parts of the Great Plains, they senesce during the heat of summer, rendering them unavailable to larvae. Furthermore, only violet leaves of young or intermediate age are acceptable food for Þrst instars; older leaves will not support larval establishment (Wagner et al. 1997) . Thus, as others have noted for Speyeria (Sims 1984 , Wagner et al. 1997 , adult reproductive diapause coupled with larval diapause enables larvae to take advantage of abundant fresh violet foliage after they end hibernal diapause and resume activity in the spring.
Why do adults undergo postmating summer diapause rather than some other life stage? Because eggs hatch in the fall but larvae do not feed until the following spring, females can delay oviposition until September, after which nectar plants for adults are gone. This reproductive strategy may serve to reduce egg or larval exposure to desiccating heat, parasitoids, and predators. Furthermore, the short period of food availability may help explain why S. idalia and other species of Speyeria are univoltine. Life cycles of other lepidopterans also are molded by seasonally restricted host plants (Slansky 1974 , Shapiro 1979 , Sims 1980 , Niemelä et al. 1982 Further studies are necessary to unravel the Þner details of the reproductive physiology and ecology of species exhibiting such a strategy.
